Vascular vessels, including arteries, veins and capillaries, are being printed using additive 13 manufacturing technologies, also known as 3D Printing. This paper demonstrates that it is important 14 to follow the vascular design by nature as close as possible when 3D printing artificial vascular 15 branches. In previous work, the authors developed an algorithm of computational geometry for 16 constructing smooth junctions for 3D printing. In this work, computational fluid dynamics (CFD) is 17 used to compare the wall shear stress and blood velocity field for the junctions of different designs. 18
Introduction 38
3D Printing has made it possible for the first time to manufacture artificial blood vessels and their 39 networks of any sophisticated geometry and connections. The printed vascular vessels can be used as 40 grafts to treat inadequate blood flow or alongside organ transplantation (Edelman, 1999) . In this case, 41 polymers such as poly-propylene-glycol are printed layer by layer to construct a graft which will 42 remain permanently inside the human body. Printed vascular networks can also be used in tissue 43 engineering for regenerative medicine. In this case, biodegradable polymers such as poly-lactide-acid 44 are printed to fabricate a scaffold for the endothelial cells to regenerate into blood vessels. Tissue 45 engineering using a single graft offers potential advantages over conventional autologous or synthetic 46 grafts (Edelman, 1999 ; Naito and Rathore, 2011). A major issue in organ tissue engineering is that the 47 2001; Caro, 2008; Coppola and Caro, 2008) . However, the previous CFD studies were not aimed at 66 providing guidance for the design of 3D printed vascular vessels. Issues related to 3D printing have 67 not been studied. In the current practice, vascular networks are 3D printed without little understanding 68 of their hemodynamics. "Artificial vascularised scaffolds for 3D-tissue regeneration (ArtiVasc 3D)" is 69 a large project funded by the European Union's Seventh Framework Programme that aims to generate 70 fully vascularised bioartificial skin. The work described in this paper is part of ArtiVasc 3D. In 71 previous work, the authors developed an algorithm of computational geometry for the construction of 72 vascular branch. The algorithm uses three main geometric parameters to control the branch geometry. 73
They are branch angle, volume and maximum curvature at the apex. Three-dimensional models of 74 vascular vessels are generated which can be translated into STL (Stereolithography) data file for 3D 75
Printing (Gibson et al., 2010) . 76
The purpose of this paper is to present general guidance on the design of vascular branches. CFD 77 simulations are performed for artificial branches targeted for veins and micro-vascular vessels 78 respectively. For each type of vascular branch, the effect of branch angle and local curvature on the 79 blood flow behavior and WSS are studied. A laminate CFD model in commercial software, COMSOL, 80 was used. Confidence in the CFD model was achieved by the fact that it reproduced the measured wall 81 shear stresses away from the branch. For the large veins, it is shown that ensuring the smoothness of 82 the junction and keeping a relatively small branch angle, as observed in human body, is very 83 important to avoid high wall shear stress and recirculation. The issue is however less significant for 84 capillaries. The branch angle in capillaries has little effect on the WSS, which can also be explained 85 by the fact that capillaries in nature often have large branch angles. The combination of the CFD 86 analysis and the junction construction algorithm form a complete design method for the vascular 87 vessels. 88
Design of vascular branches and their CFD models 89
We consider artificial vascular vessels targeted for veins and micro-vascular vessels, respectively. 90
Vascular branches are constructed using the algorithm described in (Han et al., 2015) . The branch is made by joining three circular tubes of two different diameters. For the veins, the 95 diameters are 5mm and 3.87mm, respectively (Ravensbergen et al., 1995; Ravensbergen et al., 1997) . 96
The dimensions of the model were based on a morphological study of 85 human vertebra-basilar 97 specimens. The ratio between the total cross-sectional area of the two inlet tubes and the cross-98 sectional of the outlet tube is equal to 1.2 which is biologically realistic according to (Ravensbergen et 99 al., 1995) . For the micro-vascular vessels, the diameters are 0.05mm and 0.0387mm, respectively. The 100 shape of the junction profile shown in Figure 1 The model makes the following assumptions: 124
• The flow is laminar, incompressible and Newtonian; 125
• Only steady state flow is considered; 126
• The vessel walls are assumed as rigid with no-slip conditions; 127
When steady state and incompressible conditions are assumed, the Navier-Stoke equation can be 128 written in terms of the velocity u and pressure p : 129
where ε is the viscosity and f is the body force per unit mass. In this study, ε is set as 0.003Pa.s 132 following (Ravensbergen et al., 1995) . As the boundary conditions, the inlet velocity at the two 133 smaller tubes is set as 0.465m/s (Ravensbergen et al., 1997) while the outlet pressure at the larger tube 134 is set as zero (Ravensbergen et al., 1997) . Previous studies have shown that the flow behavior in the 135 junction is insensitive to the actual value of the outlet pressure because of the large length of the outlet 136 tube used in the model. The Reynolds number is 600 for veins and 0.06 for micro-vascular vessels 137 both of which are within the normal range of human blood flow (Cliff, 1976) . The CFD module of 138 commercial software COMSOL ® was used to solve the equations. A series of convergence studies 139 were performed to ensure the finite element meshes are fine enough to produce the correct solutions. 140
Two types of statistical studies were also performed here to ensure the convergence of the solutions 141 for bifurcation angle CFD simulations were performed for cases 1, 2, and 5. In all cases two flows merge from the daughter 195 vessels into the branch leading to a volume expansion. Using the same branching volume for all the 196 three cases, the effect of branch geometry such as the branching angles can be analyzed. the magnitude of the negative flow at the branching point is larger for larger branching angle; 2) the 219 velocity profiles become smooth faster in the smoothed junctions compared with the sharp junctions; 220 3) the velocity profiles from rounded junctions approach those in the sharp junctions quicker for larger 221 branching angles. This also indicates that the branching angle has less influence in the smoothed 222
junctions. 223
To further demonstrate trend one in a two dimensional manner, two dimensional velocity 224 distribution around the axial centerline are presented in Figure 7 for branching angles of 
254
The vectors and magnitudes of the secondary velocity are presented in Figure 9 using colour plots for 255 the three models. Four vortices can be found in each cross section. In the junction, the WSS can be many times higher than that in the straight vessel. WSS in the 280 smoothed junction has a different distribution compared with those in the sharp junctions. High WSS 281 (12 Pa) is found on the sharp junction compared to the rounded one (10 Pa) as shown in Figure 10 (a) . 282
The area of low WSS in the smoothed junction is larger than that in the sharp one due to recirculation. 283 
. 297 298
The dashed lines and solid lines in Figure 11 show the WSS as a function of z for the smoothed and 299 sharp junctions respectively for different branching angles of (a) 'healthy window' is defined as the area along z-direction within which the WSS is in the range of 1 Pa 301 to 7 Pa. The healthy window is an important factor to assess a design of a junction. In the figure, an 302 area with healthy WSS is indicated using two dashed lines, representing 1 Pa and 7 Pa, respectively. 303
In Figure 11 (a) , the maximum WSS of the smoothed junction is smaller than that of the sharp one. 
CFD analysis for micro-vascular vessels 343
Another important application of the parametric model is the design of micro-vascular networks for 344 supplying nutrients and oxygen in organ tissue engineering. In these micro-vascular networks, the 345 vessel diameters are in the range of tens of microns and the blood velocities are low which leads to a 346 small Reynolds number. In the simulations for the micro-vascular networks, all the diameters and inlet 347 velocities were scaled down by a factor of 0.01 from those in the previous section. The corresponding 348
Reynolds number is calculated as 0.06. Figure 14 
